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ABSTRACT 
 
Relative permeability remains a critical parameter in reservoir simulations, especially in predicting reservoir 
performance and estimating producible reserves. The two common techniques used for relative permeability 
measurements are the steady and unsteady state tests. At present, the industry is still divided on the most 
appropriate and reliable method for evaluating field scale relative permeability in the laboratory. This study 
investigated the influence of flow rates and wettability on the determination of relative permeability using steady 
and unsteady state displacement tests. 
 
Both laboratory techniques and numerical simulations were performed to assist in the understanding of fractionally 
wetted systems. State of the art technology equipment was used in the laboratory analysis. A Computed X-ray 
Tomography (CT) scanner was used to confirm the homogeneity of the sandpacks constructed for the coreflood 
tests. In addition, it enabled the saturation distributions to be generated via the CT numbers. Experimental results 
showed that core scale artefacts were present even at high rates - different fluids were retained at the outlet 
depending on the fluids injected highlighting the importance of capillary forces. For a homogeneously mixed-wet 
system, the measured unsteady state relative permeability curves were independent of the injected flow rates if 
capillary pressures were taken into account. 
 
However, numerical simulations showed that a heterogeneously mixed-wet numerical model displayed a different 
rate dependency behavior which was not observed in a homogeneously mixed-wet system. Finally, a direct 
comparison was made between the relative permeability derived from the steady and unsteady state displacement 
tests. The experimental results showed that there was a distinctive difference between the two tests which could not 
be replicated numerically. The differences observed could be due to the microscopic effects at a pore scale, not 
captured in the simulation models.  
 
 
 
  
iv 
Impact of Flow Rate and Wettability on the Determination of Relative Permeability from Corefloods 
 
ACKNOWLEDGEMENTS  
 
 
I would like to acknowledge and extend my heartfelt gratitude to all those who have made the completion of this 
project possible: 
 
I wish to thank Dr Ann Muggeridge for her inspiration, guidance and support throughout the entire project 
duration. I am also grateful to Astor Ionice-Bal and Peter Salino for their advice and insightful discussions during 
the course of this research project.  
 
I also wish to thank BP, UK for providing me with the opportunity to work on this project. 
 
Special thanks to Dr Carlos Grattoni for his invaluable help and supervision at the Sorby Multiphase Laboratory in 
Leeds. I am also grateful to Talal Al-Aulaqi for helping with the steady state relative permeability measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Impact of Flow Rate and Wettability on the Determination of Relative Permeability from Corefloods v 
TABLE OF CONTENTS 
 
IMPACT OF FLOW RATE AND WETTABILITY ON THE DETERMINATION OF RELATIVE PERMEABILITY FROM 
COREFLOODS ............................................................................................................................................................................. i 
DECLARATION OF OWN WORK ............................................................................................................................................ ii 
ABSTRACT ................................................................................................................................................................................. iii 
ACKNOWLEDGEMENTS ......................................................................................................................................................... iv 
LIST OF FIGURES ..................................................................................................................................................................... vi 
LIST OF TABLES ...................................................................................................................................................................... vii 
Abstract ......................................................................................................................................................................................... 1 
Introduction ................................................................................................................................................................................... 1 
Previous Work........................................................................................................................................................................... 1 
Debate between the Steady and Unsteady State Displacement Tests........................................................................................ 2 
Motivation for this study ........................................................................................................................................................... 2 
Description of Experimental Work ............................................................................................................................................... 3 
Experimental Materials ............................................................................................................................................................. 3 
Sample Preparation ................................................................................................................................................................... 3 
Quality Check with CT scanner and NMR ............................................................................................................................... 3 
General Characteristics of Sandpacks and Fluids ..................................................................................................................... 4 
Computer X-ray Tomography ................................................................................................................................................... 4 
Experimental Setup for Relative Permeability Measurement ................................................................................................... 5 
Unsteady State Displacement Test ....................................................................................................................................... 5 
Steady State Displacement Test ............................................................................................................................................ 6 
Description of Numerical Simulations .......................................................................................................................................... 6 
1D Simulation Model ................................................................................................................................................................ 6 
2D Simulation Models .............................................................................................................................................................. 6 
Results and Discussion .................................................................................................................................................................. 8 
Experimental Results from the Unsteady State Displacement Tests ......................................................................................... 8 
Experimental Results comparing between the Steady and Unsteady State Displacement Tests ............................................... 9 
Simulation Results for the Unsteady State Displacement Tests ...............................................................................................10 
Effect of Capillary Pressure ................................................................................................................................................10 
Effect of Flow Rate ..............................................................................................................................................................11 
Effect of Heterogeneous Wettability ....................................................................................................................................11 
Simulation Results comparing between the Steady (SS) and Unsteady State (USS) Displacement Tests ...............................14 
Conclusions ..................................................................................................................................................................................15 
Nomenclature ...............................................................................................................................................................................15 
Acknowledgements ......................................................................................................................................................................16 
References ....................................................................................................................................................................................16 
 
  
vi 
Impact of Flow Rate and Wettability on the Determination of Relative Permeability from Corefloods 
LIST OF FIGURES 
Fig. 1- Pictures taken in the laboratory to confirm homogeneity. ................................................................................................. 3 
Fig. 2- Normalised and cumulative normalised signal against T2. ................................................................................................ 4 
Fig. 3- Porosity distribution for Sandpack 2 showing a low level of heterogeneity (uncertainty of porosity ± 5%). ................... 5 
Fig. 4- Example of the CT images of Sandpack 3 taken when it was fully saturated with brine. ................................................. 5 
Fig. 5- Schematic of the unsteady state displacement test setup. Courtesy of Sorby Multiphase Laboratory, Leeds. .................. 5 
Fig. 6- Schematic of the steady state displacement test setup. Courtesy of Sorby Multiphase Laboratory, Leeds. ...................... 6 
Fig. 7- Chequer board model showing limited wettability continuity between the water-wet and oil-wet sand grains. The 
locations of the 8 saturation detectors are also shown. ................................................................................................................. 7 
Fig. 8- Chart showing an even distribution of water-wet and oil-wet sand grains in the sandpacks (Satnum 1 and 2 correspond 
to either the water-wet or oil-wet grains whilst Satnum 3 and Satnum 4 correspond to the screens and end pieces respectively).
 ...................................................................................................................................................................................................... 7 
Fig. 9- Random model showing intermediate connectivity between the water-wet and oil-wet sand grains (a) oil-wet grains are 
more connected (red spots are better connected) (b) water-wet grains are more connected (blue spots are better connected). .... 7 
Fig. 10- Layered model with excellent connectivity between the water-wet and oil-wet sand grains. ......................................... 8 
Fig. 11- Input relative permeability curves for (a) water-wet and oil-wet regions (b) screens and end pieces. ............................ 8 
Fig. 12- Relative permeability for Sandpack 3 at different rates obtained from the laboratory on a linear and semi-logarithmic 
scale. Little difference seen at different rates. ............................................................................................................................... 8 
Fig. 13- Saturation profiles at the end points from the CT scans (a) water displacement rate of 100.2cc/hr (b) water 
displacement rate of 55.2cc/hr. ..................................................................................................................................................... 9 
Fig. 14- Comparison between the steady and unsteady state test for Sandpack 2 (a) relative permeability curve (b) fractional 
flow curve (c) total mobility curve. ............................................................................................................................................... 9 
Fig. 15 – (Right) Capillary pressure curve obtained from a ‘match’ between the simulated and experimentally observed 
saturation, pressure differential and cumulative oil production. profiles. ....................................................................................10 
Fig. 16- Simulated saturation profiles (a) without Pc (b) with water-wet Pc (c) with oil-wet Pc (d) with mixed-wet Pc. .............10 
Fig. 17- Relative permeability with and without capillary pressures from numerical simulations. .............................................10 
Fig. 18- (a) Relative permeability curves at 10cc/hr with and without capillary pressures from numerical simulations (b) 
simulated pressure differential curve with and without capillary pressures. Obtained from the 1D simulator. ...........................11 
Fig. 19- Comparison of high and low rate relative permeabilities with the inclusion of capillary pressures from numerical 
simulations. ..................................................................................................................................................................................11 
Fig. 20- Saturation, differential pressures and cumulative oil production profiles for different models at 10cc/hr. ....................12 
Fig. 21- Relative permeability showing the impact of connectivity between the water-wet and oil-wet sand grains at different 
rates (a) 100.2cc/hr (b) 55.2cc/hr (c) 10cc/hr. ..............................................................................................................................12 
Fig. 22- Saturation map of the chequer board model at breakthrough when the displacement rate was 100.2cc/hr. ...................13 
Fig. 23- Saturation map of the chequer board model at breakthrough when the displacement rate was 10cc/hr. ........................13 
Fig. 24- Relative permeability showing the rate effect for the different fractionally wet models (a) chequer board model (b) 
random model (c) layered model. ................................................................................................................................................13 
Fig. 25- Saturation map of the layered model at breakthrough when the displacement rate was 10cc/hr. ...................................14 
Fig. 26- Saturation map of the layered model at breakthrough when the displacement rate was 100.2cc/hr. ..............................14 
Fig. 27- Comparison between the steady and unsteady state tests for the different conceptual models. .....................................14 
  
Impact of Flow Rate and Wettability on the Determination of Relative Permeability from Corefloods vii 
LIST OF TABLES 
 
Table 1- Table of general parameters for the system. ................................................................................................................... 4 
Table 2- Capillary to viscous ratio as well as capillary number at different displacement rates. .................................................11 
Table 3- Capillary to viscous ratio and gravity to viscous ratio at different displacement rates. .................................................14 
 
 
 
  
 
 
Impact of Flow Rate and Wettability on the Determination of Relative 
Permeability from Corefloods 
Ei Sheen Lau 
Imperial College supervisor: Ann Muggeridge 
Industry/Company supervisor: Astor Ionice-Bal (BP), Peter Salino (BP), Carlos Grattoni (University of Leeds) 
 
Abstract 
Relative permeability remains a critical parameter in reservoir simulations, especially in predicting reservoir performance and 
estimating producible reserves. The two common techniques used for relative permeability measurements are the steady and 
unsteady state tests. At present, the industry is still divided on the most appropriate and reliable method for evaluating field 
scale relative permeability in the laboratory. This study investigated the influence of flow rates and wettability on the 
determination of relative permeability using steady and unsteady state displacement tests. 
 
Both laboratory techniques and numerical simulations were performed to assist in the understanding of fractionally wetted 
systems. State of the art technology equipment was used in the laboratory analysis. A Computed X-ray Tomography (CT) 
scanner was used to confirm the homogeneity of the sandpacks constructed for the coreflood tests. In addition, it enabled the 
saturation distributions to be generated via the CT numbers. Experimental results showed that core scale artefacts were present 
even at high rates - different fluids were retained at the outlet depending on the fluids injected highlighting the importance of 
capillary forces. For a homogeneously mixed-wet system, the measured unsteady state relative permeability curves were 
independent of the injected flow rates if capillary pressures were taken into account. 
 
However, numerical simulations showed that a heterogeneously mixed-wet numerical model displayed a different rate 
dependency behavior which was not observed in a homogeneously mixed-wet system. Finally, a direct comparison was made 
between the relative permeability derived from the steady and unsteady state displacement tests. The experimental results 
showed that there was a distinctive difference between the two tests which could not be replicated numerically. The 
differences observed could be due to the microscopic effects at a pore scale, not captured in the simulation models.  
 
Introduction 
Defined as the ratio of the effective permeability of a fluid to a base permeability, relative permeability is unquestionably one 
of the most important data sets required in reservoir simulation studies. It establishes for any particular phase, a functional 
dependence between phase saturation and the rock’s ability to produce oil (Crotti and Cobenas 2003).  
Relative permeability can be obtained through a number of different experimental methods of which steady state and 
unsteady state are the most widely used variants. In an unsteady state experiment, only one fluid is injected (normally water) at 
a constant rate displacing another fluid (usually oil). However, steady state experiments require the injection of two immiscible 
fluids simultaneously until equilibrium is established across the core.  
The function of relative permeability is influenced by many factors and is highly dependent on the pore geometry and 
wettability of the system (Honarpour et al. 1986).  In addition, the effects of flow rate on the shape of the relative permeability 
curves have long been a controversial issue in the petroleum industry (Honarpour et al. 1986).  
Since an accurate measurement of relative permeability is vital in the evaluation and management of oil and gas fields, this 
project sets out to use a mixture of laboratory experiments and numerical simulations to develop a further understanding in the 
determination and interpretation of relative permeability viz the impact of flow rate and wettability on coreflood tests results. 
Previous Work 
Attempts to accurately determine relative permeability began in the 1930’s with the work of Muscat, Buckley and Leverett. 
In 1951, Geffen et al. (1951) investigated the factors affecting laboratory relative permeability experiments. Boundary 
conditions could be eliminated if the pressure gradients across the test sample were increased. The following year, Richardson 
et al. (1952) published a key paper summarising the different techniques used to determine steady state relative permeability. 
Imperial College 
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Tests on the same sample of core material using different techniques (Hafford, Penn State, Hassler and dispersed feed) 
obtained similar results providing confidence in the reliability of the data set obtained. Results showed that drainage relative 
permeability saturation relations were independent of flow rate as long as the flow rates used were below the point where 
inertial effects became critical (Richardson et al. 1952). Inertial effects become significant at high velocities; the flow then is 
no longer governed by Darcy’s law but by the Forchheimer equation with a constant inertial coefficient. 
However, steady state experimental techniques were time consuming and by the late 1950’s, there was a growing interest 
in the unsteady state displacement tests. The year 1959 marked a new beginning: Johnson et al. (1959) derived an efficient 
method of calculating individual water and oil relative permeabilities from the production data obtained during a waterflood 
experiment. This technique, later known as the Johnson-Bossler-Naumann (JBN) method has been widely accepted and used 
extensively for many years. 
Following this, the effects of flow rate and wettability on water-oil relative permeabilities were investigated by Owens et 
al. (1971) and Labastie et al. (1980).The advancement of technology led to the use of numerical simulations to validate 
experimental results. Huppler (1970) became the first to investigate the effects of core heterogeneities on waterflood 
experiments using numerical simulations.  
The 1980’s and 1990’s witnessed a further refinement in the understanding of relative permeability particularly in the 
impact of wettability, core-scale heterogeneities and flow rates on relative permeability. More sophisticated techniques with 
the use of the X-ray attenuation and Computer Tomography (CT) scans could be used to generate saturation profiles (Mohanty 
and Miller 1991; Chang et al. 1997; Schembre and Kovscek 2003).  
Debate between the Steady and Unsteady State Displacement Tests 
With the introduction of the JBN method of calculating relative permeabilities, unsteady state tests have been widely used 
since they are very much more time efficient and therefore less costly compared to the steady state displacement tests. More 
importantly, they retain many advantages of the steady state test. 
However, one of the disadvantages lies in the limited data points extracted. Only data points generated after the 
breakthrough of the injected phase (oil cut less than 100%) are suitable for analysis (Braun and Blackwell 1981). In order to 
measure a wide saturation range, a high mobility ratio is required. The use of the displacement method at high mobility ratios 
poses a challenge since its limitations are self contradicting: the desire to suppress viscous fingering requires strong capillary 
forces which usually results in large capillary ‘end effects’ (Heaviside et al. 1987). These effects are generally not accounted 
for in the interpretation of the JBN results.  
Heaviside et al. (1983) also indicated that the data obtained from unsteady state measurements may be affected by rate and 
the core length due to capillary influences. Capillary pressure can affect the core displacement in two ways; it can cause the 
dispersion of the shock front and it can result in ‘end effects’ at the core boundaries (Heaviside at al. 1987). 
Even for the steady state displacement tests, there is a huge uncertainty as to whether the fluid distributions are 
representative of the displacement process (Heaviside and Black 1983). The shock front, typically observed in the reservoir is 
not reproduced during these types of experiments. 
Motivation for this study 
In 1959, Johnson et al. (1959) compared steady and unsteady state oil-water relative permeabilities on a Weiler sandstone 
and found good agreement between both methods. Later work also reported that that there appears to be no significant 
difference between data acquired from the steady and unsteady state tests for a strongly water-wet core (Chang et al. 1997).  
However, for cores which are mixed-wet, the opinion is still divided about which method to use. Moreover, many 
reservoirs tend to exhibit mixed wettability (Anderson 1986; Craig 1971). Salathiel (1973) postulated a mechanism whereby 
reservoir rocks could have become mixed-wet as a result of oil migration. Mixed-wet reservoirs have been found to display 
rate-dependent relative permeabilities at a relatively low Nca (Heaviside et al. 1987; Mohanty and Miller 1991) and a 
discrepancy between steady state and unsteady state relative permeabilities. Nca is the ratio of viscous forces to capillary forces 
at a pore-scale level, i.e. Nca=µv/σ. In addition, a low total mobility has been observed in many unsteady state measurements 
compared with steady state measurements (SCAL Wytch Farm 98/6-3 Report 1987). Nonetheless, numerical simulations 
demonstrated that the unsteady state relative permeability could be explained by the steady state relative permeability if the 
heterogeneities of the composite core and capillary pressures were taken into account (Chang et al. 1997).  
Despite an increased theoretical understanding and sophistication in experimental procedures, the preferred method for 
determining relative permeability is still a matter of debate. Different companies differ in their opinions in determining relative 
permeability and issues can arise for a joint-venture field since different methods give rise to different reserves estimates.  
In recent years, the investigation to reconcile the differences between steady and unsteady state tests for a mixed-wet 
system has continued. Lafond (2007) performed numerical simulations on a millimetre grid to investigate the effects of 
gravity, capillary pressure, rate and heterogeneities for both the steady and unsteady state displacement tests. However, the 
results showed minor differences between the two tests. Zhao (2008) continued this investigation at a pore-scale level.  
However, due the limitations of the dynamic pore scale model constructed, a direct comparison could not be made between the 
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steady and unsteady state tests. Nevertheless, he concluded that the injected flow rate and wettability of the core are the two 
key factors which could account for the differences observed (Zhao 2008). 
Hence, this paper aims to provide a further insight of the differences by investigating the impact of flow rate and 
wettability on steady and unsteady state relative permeability on fractionally wetted packs. Both experimental works and 
numerical simulations were used in an attempt to solve this relative permeability conundrum. 
 
Description of Experimental Work 
Experimental Materials 
Clean industrial sands (LV 60 from Sibelco, UK) were used in the construction of the sandpacks. The sands which date 
back to the carboniferous period have a typical composition of 99.3% SiO2 and were water-wet. 
The sands were sieved through standard British meshes on an electrical shaker in order to obtain the grain size distribution. 
The sandpacks were constructed with a 150-180μm distribution of sand grains. 
The brine used during the displacement test experiments comprised of a solution containing 8 wt% NaBr. NaBr was used 
to increase the X-ray attenuation and the resolution contrast between the two fluids within the sandpack. Initially, the non-
wetting fluid phase was the Sherwood crude provided by BP, blended with paraffin (25% crude oil, 75% paraffin). The 
blended crude was later replaced and miscibly flooded with paraffin due to the asphaltene deposits from blended crude during 
the displacement tests. Repelcote VS was used during the experiment to render the sand oil-wet. 
Sample Preparation 
The construction of the sandpacks for the relative permeability measurements involved a 50:50 mixture of oil-wet and 
water-wet sand grains. A combination of stirring and mixing techniques was used to ensure that the sands were uniformly 
mixed.  
To validate homogeneity, a pinch of the mixed sands was sprinkled into a beaker of water. Due to its water repellence, the 
oil-wet grains adhered to each other on the interface and floated at the top whilst the water-wet sand grains sank to the bottom. 
An even distribution of the oil-wet and water-wet sands could be seen confirming homogeneity of the sample (Fig. 1).  
 
 
 
 
 
 
    
 
 
 
 
A total of three sandpacks were constructed for the experimental works. Sandpack 1 was constructed with 100% water-wet 
sand grains with the purpose to refine experimental techniques. Sandpack 2 and Sandpack 3 were both constructed with a 
50:50 mixture of oil-wet and water-wet sand grains. Sandpack 2 was used to compare between the steady and unsteady state 
tests whilst Sandpack 3 was used to check for rate dependency. Once constructed, the sandpacks were subjected to a confining 
pressure of 204atm (3000psi) in a biaxial (hydrostatic) core holder. 
Quality Check with CT scanner and NMR 
As a further validation of the homogeneity of the sample, the sandpacks were CT-scanned to ensure that there were no 
structural variations along the main flow direction. Simulation results from Huppler (1970) demonstrated that heterogeneities 
could cause displacement tests to be rate sensitive; hence it was imperative to eliminate this possibility by ensuring that the 
sandpacks were homogeneous. 
In addition, the T2 relaxation distribution was measured to ensure the reproducibility of the sandpacks and to validate the 
pore volumes calculated volumetrically. The T2 distribution was obtained after the sandpacks were fully saturated with brine 
using the NMR equipment. The equipment consisted of a Resonance Instrument MARAN Ultra bench top spectrometer 
running at ambient pressure and a temperature of 308K (35
o
C), operating at 2MHz. 
Sandpack 1, being a water-wet sandpack showed a single dominant peak. If an oil-wet pack was constructed, the single 
peak would have been shifted to the right of the water-wet sandpack peak since the relaxation time is longer (Al-Mahrooqi et 
al. 2006). For the mixed-wet systems (Sandpack 2 and 3) a larger distribution was seen due to the variability in relaxation 
times (Fig. 2). However, the normalised and cumulative normalised distributions of Sandpack 2 and Sandpack 3 were similar 
showing the reproducibility of the packs constructed. 
 
Water-wet sands 
Oil-wet sands 
Fig. 1- Pictures taken in the laboratory to confirm homogeneity. 
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General Characteristics of Sandpacks and Fluids 
Common laboratory procedures were used to determine the porosity, permeability, density and viscosity of the fluids used. 
The determination of these parameters are explained in Appendix B and summarised in Table 1.  
 
Table 1- Table of general parameters for the system. 
General Properties of Sandpack 2 
Length 6.88 cm 
Diameter 3.71 cm 
Pore Volume 27.7 cc 
Porosity 0.37  
Permeability 118 mD 
General Properties of Sandpack 3 
Length 6.30 cm 
Diameter 3.85 cm 
Pore Volume 25.8 cc 
Porosity 0.35  
Permeability 592 mD 
General Properties of Oil ( Paraffin) 
Density 0.77 g/cc 
Viscosity 1.24 cP 
General Properties of Brine ( 8wt% NaBr) 
Density 1.04 g/cc 
Viscosity 1.01 cP 
Computer X-ray Tomography  
A medical-type X-ray tomography system was used to observe the multiphase fluid flow in the porous medium. The 
scanner generated cross-sectional images from the attenuation of the X-ray beam as it was rotated around the object at angular 
increments within a single plane (Akin and Kovscek 2003). To obtain accurate and reliable values, attenuation standards, beam 
hardening effects and appropriate use of chemical dopants are crucial (Coles et al. 1991). In the current analysis, both 
aluminium and glass were used as attenuation standards to perform the correction in CT numbers. An aluminium core holder 
was also used to pre-harden the beam and to minimise beam hardening effects.  
Before any measurements of relative permeability, the fully saturated (Sw=1) sandpack was CT-scanned to check for any 
changes in the CT number. The changes in the CT number along the length of the sandpack will characterise porosity 
heterogeneity and structural variations along the main flow direction. The porosity distribution (Fig. 3) was determined from 
the CT numbers using Eq. 1 and Eq. 2. 
 
 rporesrr CTCTxCT   1)(   (1) 
where  is the volume fraction of the sands 
   poresr CTCTxCT  1)(   (2) 
 
 
 
 
 
 
Fig. 2- Normalised and cumulative normalised signal against T2. 
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In all the three sandpacks constructed, the uniform distribution of CT numbers and porosity confirm the homogeneity of 
the packs. In the tomographic image shown in Fig. 4, the light brown areas represent the core holder (high X-ray attenuation) 
whilst the darker brown areas represent the mixed-wet sands (lower X-ray attenuation). 
In addition, the CT scanner was used to investigate saturation profiles (using Eq. 3, Eq. 4 and Eq. 5) at the end points as 
well as monitor phase saturation during the steady state relative permeability test. 
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The subscripts w, o and a represent the water-phase, oil-phase and air CT numbers respectively whereas or, wr and owr 
refer to the CT number of an oil-saturated, water-saturated and oil-water saturated pack respectively. 
Experimental Setup for Relative Permeability Measurement 
Unsteady State Displacement Test 
The unsteady state displacement test setup is shown in Fig. 5. The 
system was confined under a pressure of 204atm (3000psi). Sandpack 
1 (originally water-wet) was fully saturated with brine and then 
completely flooded with Sherwood crude (7.38cP) to the irreducible 
water saturation. The pack was then miscibly flooded with blended 
crude (25% crude and 75% paraffin) to reproduce the reservoir 
viscosity ratio at ambient conditions (an oil/water viscosity ratio of 
approximately 2). The effective permeability to oil at Swi was then 
calculated using experimental readings. This value formed the basis of 
subsequent relative permeability calculations.  
Next, a waterflood displacement test was carried out at 40.2cc/hr. 
Oil production was measured using an inverted burette which acted as 
a separator/accumulator. The volume of oil produced was recorded at 
different time intervals. The breakthrough time was recorded using a 
stopwatch when the first droplet of water appeared at the bottom of the 
inverted burette. The pressure differential across the core was obtained 
using a pressure transducer as shown in Fig. 5. 
Likewise, Sandpacks 2 and 3 were subjected to a similar process. However, with continuous oil flooding (with blended 
crude at a constant rate), the pressure differential continuously increased and did not stabilise even after a couple of days. It 
was later found that this was due to the deposition of asphaltenes from blended crude, plugging up the sandpack. This was 
confirmed by an asphaltene precipitation (SARA) test. Following the discovery of asphaltenes in the crude, the flow was 
reversed. The sandpacks were then miscibly displaced at Swi with paraffin (1.24cP) before the relative permeability 
measurements were resumed. 
 
Fig. 3- Porosity distribution for Sandpack 2 showing a low level 
of heterogeneity (uncertainty of porosity ± 5%). 
Fig. 4- Example of the CT images of Sandpack 3 taken 
when it was fully saturated with brine. 
Fig. 5- Schematic of the unsteady state displacement test 
setup. Courtesy of Sorby Multiphase Laboratory, Leeds. 
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Waterflooding was carried out on Sandpack 3 (at rates of 55.2cc/hr and 100.2cc/hr) and on Sandpack 2 (at a rate of 
40.2cc/hr). The relative permeabilities for these rates were calculated using the JBN method.  
CT scans were performed at both the irreducible water saturation as well as the residual oil saturation to validate the end 
point saturations determined volumetrically. A correction factor was applied to the measured CT numbers using a linear 
interpolation of the CT numbers of aluminium and glass. 
Steady State Displacement Test  
The schematic of the experimental setup for the 
steady state displacement test is shown in Fig. 6.  
During the experiment, both brine and paraffin 
were injected into this pack (Sandpack 2) at constant 
fractional flow. The total rate injected was 40.2cc/hr 
which was the same rate as the unsteady state test. 
Equilibrium was achieved when the pressure 
differential and the saturations across the plug 
became constant (determined from CT scans). The 
experiment was very time-consuming - for each 
fractional flow, up to 3-4 days were required before 
steady state conditions were attained. This 
experiment was performed by Talal Al-Aulaqi at the 
Sorby Multiphase Laboratory in Leeds. 
Description of Numerical Simulations 
1D Simulation Model  
Numerical simulation is an indispensible tool for detailed analysis of coreflood experiments. Laboratory experiments are 
time-consuming and costly especially since great care must be undertaken to ensure that the results are consistent and 
reproducible. At times, experiments may fail to produce capillary pressure data and one may have to resort to numerical 
simulations for further analysis. In this study, capillary pressure values were adjusted until there was good match between the 
simulated and experimentally observed saturation, pressure differential and cumulative oil production profiles.  A 1D core 
flood simulator from BP (PAWS) with 30 grid blocks was employed for this purpose.  
A rough estimate of the capillary pressures was generated via the simple equations shown: 
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And Pc for a mixed-wet system 
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where A and B are constants corresponding to the maximum pressure drop across the sandpack. 
 
With a match to the final saturation profiles, the simulated oil production and differential pressure values were used to re-
calculate the relative permeability with the inclusion of capillary pressures.  
The relative permeabilities were then fined tuned to match experimental results so as to produce an ‘artefact-free’ relative 
permeability (a relative permeability without the effects of capillary pressures). With a simulation model now representative of 
the experiment, an unsteady state test at 10cc/hr was modelled to test for rate dependency behaviour on a homogeneously 
mixed-wet system. 
2D Simulation Models 
 In the experiments, it was assumed that the sandpacks constructed were uniformly mixed-wet. However, in reality, many 
reservoir rocks have heterogeneous wettability, with variations in wetting preference on different surfaces (Anderson 1987). 
Fig. 6- Schematic of the steady state displacement test setup. Courtesy of 
Sorby Multiphase Laboratory, Leeds. 
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Additional wettability effects may occur when the system has non-uniform wettabilities (either fractional or mixed) where 
portions of the surface are strongly water-wet, while the remainder is strongly oil-wet (Anderson 1987).  
Mixed wettability is a special type of intermediate wettability where the oil-wet surface forms continuous paths through the 
larger pores whilst the fine pores remain preferentially water-wet (Salathiel 1973). This type of wettability will account for 
very low residual oil saturations. In fractionally wetted systems, however, the individual water-wet and oil-wet surfaces have 
sizes of the order of a single pore (Anderson 1987).  
In order to investigate the effects of heterogeneous wettability, three 2D conceptual models were constructed where the 
distribution of the water-wet and oil-wet sand grains was varied. These models were constructed using the Eclipse 100
TM
 black 
oil model with a grid dimension of 88×32. The grid dimensions were chosen based on grid refinement tests by Lafond (2007). 
The models were tested at 3 different rates, at 100.2cc/hr, 50.2cc/hr and 10cc/hr. Both the screens and the end pieces were also 
modelled; the relative permeability input for these are shown later in the report. The models were all initialised at the 
irreducible water saturation obtained from the laboratory at 0.46. Eight saturation detectors were also defined for saturation 
measurements along the sandpack. 
Chequer Board model (limited connectivity between the water-wet and oil-wet sand grains) 
The chequer board model constructed had equal volumes and areas of water-wet and oil-wet sands arranged in an 
alternating manner. The blue and red regions refer to the water-wet and oil-wet regions respectively whilst the green and light 
purple regions refer to the screen and end pieces respectively (Fig. 7). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Random model (intermediate connectivity between the water-wet and oil-wet sand grains) 
The random models were generated with the intention to simulate intermediate connectivity between the water-wet and oil-
wet grains. Although randomly distributed, there was an equal distribution of water-wet and oil-wet grains (Fig. 8). Two 
models were constructed, one where the water-wet grains were more connected and the other where the oil-wet grains were 
more connected. Since both models gave very similar saturation, differential pressures and cumulative production profiles, 
only one model was selected as a basis for comparison with other fractionally wet models. The model chosen is shown in Fig. 
9a; here the oil-wet grains are slightly more connected. 
 
 
 
 
 
 
 
 
 
 
  
Layered model (complete connectivity between the water-wet and oil-wet sand grains) 
Finally, the last conceptual model constructed was layered, with continuous connectivity between the water-wet and oil-
wet sand grains. Fig. 10 shows the layered grid. 
 
Detector 8 
Fig. 8- Chequer board model showing limited wettability 
continuity between the water-wet and oil-wet sand grains. The 
locations of the 8 saturation detectors are also shown. 
Fig. 7- Chart showing an even distribution of water-wet and oil-wet 
sand grains in the sandpacks (Satnum 1 and 2 correspond to either 
the water-wet or oil-wet grains whilst Satnum 3 and Satnum 4 
correspond to the screens and end pieces respectively). 
Fig. 9- Random model showing intermediate connectivity between the water-wet and oil-wet sand grains (a) oil-wet grains are more 
connected (red spots are better connected) (b) water-wet grains are more connected (blue spots are better connected). 
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Strongly water-wet and strongly oil-wet relative permeabilities generated from the Corey function were used for simulation 
input. The screens were modelled with a strongly oil-wet behavior whilst the inlet and outlet pieces had linear mixed-wet 
behavior. The input relative permeabilities curves are shown in Fig. 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The three conceptual models were tested at 100.2cc/hr and 55.2cc/hr using a capillary pressure profile generated from the 
‘history match’ of the 1D simulation model. A 10cc/hr displacement test was subsequently modelled. 
Steady State Model 
For consistency, the same three 2D models (88×32) with capillary pressures were later used to model steady state flow. 
However, the grid was modified with two injectors (oil and water). Different fractional flows were injected (fw=0.10, fw=0.25, 
fw=0.50, fw=0.75, fw=0.90, fw=0.95, fw=0.95, fw=0.995, fw=0.999). The test attained equilibrium conditions only when the 
differential pressures, cumulative oil production and saturation profiles were constant. 
 
Results and Discussion 
Experimental Results from the Unsteady State Displacement Tests  
The relative permeabilities were determined using the JBN method (Johnson et al. 1959), which has the following 
assumptions: the two phases behave as immiscible incompressible fluids, flow is one-dimensional and capillary effects are 
negligible. The endpoint effective permeabilities were used to check the JBN calculations. 
Fig. 12 shows the relative permeabilities from the unsteady state displacement tests on Sandpack 3 at two different rates. 
The irreducible water saturation is high but the residual oil saturation is low, confirming that the sandpack is mixed-wet.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10- Layered model with excellent connectivity between the water-wet and oil-wet sand grains. 
Fig. 11- Input relative permeability curves for (a) water-wet and oil-wet regions (b) screens and end pieces. 
Fig. 12- Relative permeability for Sandpack 3 at different rates obtained from the laboratory on a linear and semi-logarithmic 
scale. Little difference seen at different rates. 
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The relative permeability derived from experimental results showed little rate dependency at 55.2cc/hr and 100.2cc/hr. Due 
to the high permeability of this sandpack at approximately 600mD, a low rate test at 10cc/hr could not be performed 
experimentally. Hence, numerical studies were required to study the rate effects.  
During the ‘high’ rate experiment at 100.2cc/hr, oil production was virtually complete at water breakthrough, suggesting a 
piston-like displacement. Nevertheless, when the test was conducted at a lower rate at 55.2cc/hr, there was a large oil 
production after water breakthrough. The experimental results also showed that a high rate bump followed by a low rate flood 
did not produce much oil for a mixed-wet system; neither did it increase the relative permeability significantly.  
The saturation profiles at the end points obtained from the CT scans are shown in Fig. 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The saturation profiles at the end points showed retention of different fluids depending on the fluids injected (oil and 
water). After a waterflood, higher oil saturations were observed at the outlet (retention of oil). However, higher water 
saturations were observed after an oil flood. This phenomenon became more prominent at a lower rate where capillary forces 
played a more dominant role. The saturation profiles observed experimentally were consistent with the intermediate wettability 
of the packs. 
Experimental Results comparing between the Steady and Unsteady State Displacement Tests 
The relative permeability, fractional flow, total mobility 
curves comparing between the steady and unsteady state tests at 
40.2cc/hr are shown in Fig. 14. The experimental results show 
that there is a distinctive difference between the relative 
permeabilities derived from both methods. 
However, these laboratory results may not be reliable since 
there were pressure stabilisation problems throughout the 
experiment. This could be due to the presence of asphaltenes in 
the pack. In some cases, the differential pressures stabilised at 
unreasonably high values; this resulted in an unrealistically low 
relative permeability. Hence, numerical simulations were 
further used in the interpretation of these results. Steady state 
simulation runs were performed on the three fractionally wet 
models defined earlier (chequer board, random and layered). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13- Saturation profiles at the end points from the CT scans (a) water displacement rate of 100.2cc/hr (b) water displacement 
rate of 55.2cc/hr. 
Fig. 14- Comparison between the steady and unsteady state test for Sandpack 2 (a) relative permeability curve (b) fractional flow 
curve (c) total mobility curve. 
Waterflood: 
Retention of oil 
Oil flood: 
Retention of water 
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Simulation Results for the Unsteady State Displacement 
Tests 
Effect of Capillary Pressure 
The 1D coreflood simulator (PAWS) was used to replicate 
the saturation profiles obtained from the laboratory 
displacement tests. The estimated capillary pressure curve was 
fined tuned using Eq. 6, Eq. 7 and Eq. 8 until a reasonable 
match to the final experimental saturation profile was obtained. 
Fig. 15 shows the different capillary pressure curves used to 
generate the saturation profiles in Fig. 16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
‘End effects’ were not observed in the saturation profiles for the simulated corefloods without capillary pressures (Fig. 
16a). With a water-wet capillary pressure curve, water retention was seen (Fig. 16b); using an oil-wet capillary pressure curve, 
however resulted in the retention of oil at the outlet (Fig. 16c). As shown in Fig. 16d, a mixed-wet capillary pressure curve 
produced a saturation profile which matched closely to 
experimental results. 
The simulated cumulative oil production and differential 
pressures were then used to re-calculate the relative 
permeability when the displacement rate was 100.2cc/hr. Fig. 
17 shows the relative permeability calculated with and without 
capillary pressures. With the inclusion of capillary pressures, 
there is negligible effect on the krw curve. However, for the kro 
curve, the relative permeability decreases slightly at higher 
water saturations with capillary pressure. In summary, 
capillary pressure affects the shape of the saturation profiles, 
resulting in the retention of oil at the outlet after a waterflood 
for a mixed-wet pack. In addition, the mobility of oil also 
decreases slightly with capillary pressure. 
Fig. 15 – (Right) Capillary pressure curve obtained from a 
‘match’ between the simulated and experimentally observed 
saturation, pressure differential and cumulative oil production. 
profiles. 
 
Fig. 16- Simulated saturation profiles (a) without Pc (b) with water-wet Pc (c) with oil-wet Pc (d) with mixed-wet Pc.  
Fig. 17- Relative permeability with and without capillary 
pressures from numerical simulations. 
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Effect of Flow Rate 
An unsteady state test at 10cc/hr was modelled on a homogeneously mixed-wet system to test for rate dependency on a 
mixed-wet system. The results of this simulation will be compared with the simulated unsteady state test at 100.2cc/hr. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.  
 
As expected, the simulation results show that the effects of 
capillary forces are more pronounced at a lower rate (Fig. 18a). 
This is is consistent with the results obtained in Fig. 17 where 
the kro curve diverges at higher water saturation. This is due to 
the difference in the pressure differential curves (Fig. 18b). 
However, if capillary pressures are taken into account, there is 
no difference in the relative permeabilities derived at high or 
low rates, highlighting the importance of including capillary 
pressures when calculating relative permeability from low rate 
experiments (Fig. 19). 
The capillary to viscous ratio was also calculated using Eq. 
9 to validate the dominance of capillary pressures at low flow 
rates. This equation was first proposed by Zhou et al. (1993) to 
identify regions where certain forces dominate. Capillary 
forces are more dominant over viscous forces when Ncv>1. 
o
c
cv
qH
kLP
N
2
*
   (9) 
where L is the length of the core in m, Pc
* 
is the capillary pressure at breakthrough in N/m
2
, k is the absolute permeability in 
m
2
, H is the height in m, q is the velocity in m/s and μo is the viscosity of oil in Pa s.  
In addition to the capillary to viscous ratio, the capillary number, Nca was also calculated. Nca is the ratio of viscous forces 
to capillary forces at a pore-scale level, i.e. Nca=µv/σ. Here, capillary forces dominate when Nca < 10
-4
 (Blunt and Scher 1995). 
Table 2 summarises the values obtained for the different displacement rates tested during this study. The results confirm that 
at 10cc/hr the flow is capillary-dominated. 
Table 2- Capillary to viscous ratio as well as capillary number at different displacement rates. 
Rate (cc/hr) Ncv Nca 
100.2 0.10 2.9 × 10
-5
 
55.2 0.19 1.6 × 10
-5
 
10.0 1.04 2.9 × 10
-6
 
Effect of Heterogeneous Wettability 
The effect of heterogeneous wettability on core-floods was investigated with the construction of three different fractionally 
wet models on Eclipse 100
TM
. The first was a chequer board model with limited connectivity between the water-wet and oil-
wet grains, the second was a random model (where there was intermediate connectivity) and the third was a layered model 
with complete connectivity.  
To test the conceptual models, simulated waterfloods were performed at both 100.2cc/hr and 55.2cc/hr. The saturation 
profiles, differential pressures and cumulative oil production were compared between the three models, at different rates and 
the results are shown in Appendix G. A good pressure differential and cumulative oil production match with experimental 
results were obtained from the numerical simulations at both 100.2cc/hr and 55.2cc/hr using the layered model (Appendix G). 
With a good match, a simulation run was also conducted at a low rate, at 10cc/hr. Fig. 20 shows the saturation, differential 
pressures and cumulative oil production profiles for the different fractionally wet models at 10cc/hr. 
Fig. 18- (a) Relative permeability curves at 10cc/hr with and without capillary pressures from numerical simulations (b) simulated 
pressure differential curve with and without capillary pressures. Obtained from the 1D simulator. 
Fig. 19- Comparison of high and low rate relative 
permeabilities with the inclusion of capillary pressures from 
numerical simulations. 
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Simulation studies showed that the experimental results 
matched most closely to that of a ‘layered’ system. This 
implied that there was good connectivity between the water-
wet and oil-wet grains in the sandpacks constructed. At lower 
rates, the differences in results from the three different models 
were more pronounced. This is clearly seen from the 
cumulative production of oil at 10cc/hr (Fig. 20e). The oil was 
not efficiently swept at a lower rate with the chequer board 
model due to the wettability heterogeneities in the system; this 
affected the total oil production significantly. 
 The experimental pressure differential matched the 
pressure differential of the ‘layered’ model at an injected rate 
of 100.2cc/hr (shown in Appendix G); the pressure differential 
at 10cc/hr was also approximately a tenth of the pressure 
differential experimentally at 100.2cc/hr. In addition, the 
simulated saturation profile of the layered model was consistent 
with experimental observations from the CT scans, with an 
irreducible water saturation of 0.46 and  a residual oil saturation 
of approximately 0.1 (Fig. 20c). Retention of oil was also 
observed at the outlet for the layered model (Fig. 20c). The JBN 
analysis was then used to determine the relative permeabilities 
for the three models at different rates. The results are shown in 
Fig. 21.  
 
 
 
 
 
 
 
 
  
Fig. 21- Relative permeability showing the impact of connectivity 
between the water-wet and oil-wet sand grains at different rates   
(a) 100.2cc/hr (b) 55.2cc/hr (c) 10cc/hr. 
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Fig. 20- Saturation, differential pressures and cumulative 
oil production profiles for different models at 10cc/hr. 
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Fig. 21a, Fig. 21b and Fig. 21c show the impact of connectivity between the water-wet and oil-wet sand grains at different 
rates. The oil relative permeability curve deviated at higher water saturations although the water relative permeability curve 
remained similar at low displacement rates. However, this effect became less prominent at higher displacement rates - the 
relative permeabilities calculated were independent of the wettability heterogeneities induced.  
This phenomenon again highlights the importance of capillary forces at low flow rates.  Oil is trapped by capillary forces at 
low rates, reducing the mobility of oil significantly.  This is further enhanced when there is poor connectivity between the 
water-wet and oil-wet regions. Fig. 22 and Fig. 23 show the saturation maps for the chequer board model at 100.2cc/hr and 
10cc/hr respectively. At low rates (10cc/hr), the smearing out due to capillary forces is evident (yellow/green regions of lower 
water saturations are observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
While Fig. 21 compares the relative permeability obtained from the different models at different rates, Fig. 24 compares 
the relative permeability as a function of rate in each fractionally wet model. Fig. 24c shows that for a system with good 
connectivity between the water-wet and oil-wet sand grains (i.e. layered model), the displacement rates are insignificant. No 
rate dependency behavior was observed for a layered model. The water breakthrough was rapid through the water-wet layers at 
both high and low rates. The saturation maps are displayed in Fig. 25 and Fig. 26.  
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Fig. 22- Saturation map of the chequer board model at 
breakthrough when the displacement rate was 100.2cc/hr. 
Fig. 23- Saturation map of the chequer board model at 
breakthrough when the displacement rate was 10cc/hr. 
Fig. 24- Relative permeability showing the rate effect for the different fractionally wet models (a) chequer board model (b) random 
model (c) layered model. 
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However, the saturation maps also show gravity effects due to the difference in density between oil and water. This effect 
is more pronounced at lower rates. In addition to the capillary to viscous ratio calculated earlier, the gravity to viscous ratio 
was also calculated using Eq. 10 (Zhou et al. 1993). Gravity forces are more dominant over viscous forces when Ngv>1. 
 
o
gv
Hq
gkL
N


    (10) 
 
where L is the length of the core in m, Δρ is the difference in density between oil and water in kg/m3, g is the gravitational 
constant in m/s
2
, k is the absolute permeability in m
2
, H is the height in m, q is the velocity in m/s and μo is the viscosity of oil 
in Pa s. 
 Table 3 summarises the values obtained for the different displacement rates tested during this study. The results confirm 
that gravity effects become more important at low rates although the flow remains capillary dominated at 10cc/hr. Additional 
discussion on the effects of gravity can be found in Appendix H. 
 
Table 3- Capillary to viscous ratio and gravity to viscous ratio at different displacement rates. 
Rate (cc/hr) Ncv Ngv 
100.2 0.10 0.001 
55.2 0.19 0.003 
10.0 1.04 0.010 
Simulation Results comparing between the Steady (SS) and Unsteady State (USS) Displacement Tests 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25- Saturation map of the layered model at breakthrough 
when the displacement rate was 10cc/hr. 
Fig. 26- Saturation map of the layered model at breakthrough 
when the displacement rate was 100.2cc/hr. 
Fig. 27- Comparison between the steady and unsteady state tests for the different conceptual models. 
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Fig. 27 shows a direct comparison between the simulated steady and unsteady state displacement tests at an intermediate 
rate. There appears to be negligible differences in the simulated relative permeabilities for all the different fractionally wet 
models. This is contrary to the results obtained experimentally (Fig. 14a). Hence, it is likely that the differences observed in 
the laboratory experiments are on a pore scale level, not captured by Darcy’s law. 
 
Conclusions 
Both experimental works and numerical simulations were used to investigate the impact of flow rate and wettability on the 
determination of steady and unsteady state relative permeability from corefloods. The investigation has enabled the following 
conclusions to be identified. 
1. Both experimental investigations and numerical simulations found that there was no rate dependency behavior on the 
measured relative permeability with the inclusion of capillary pressures for a homogeneously mixed-wet system.  
2. Numerical simulations showed a rate dependency behaviour when the system was heterogeneously mixed-wet. The 
oil relative permeability curve displayed a greater deviation at low rates whilst the water relative permeability curve 
remained similar. At higher displacement rates, the mobility of oil increases. Hence, the author proposes the use of 
different relative permeabilities to be incorporated in the numerical model for a heterogeneously mixed-wet system to 
account for a wide range of flow rates which occur in the reservoir i.e. high rate at the vicinity of the injection wells 
and low rate for the bulk of the reservoir.  
3. Experimental results show that there is a distinctive difference between the relative permeabilities derived from the 
steady and unsteady state displacement tests. However, numerical simulations could not reconcile the differences, 
even with the inclusion of capillary pressures and wettability heterogeneities. This could be due to differences on a 
pore-scale level, not captured macroscopically by Darcy’s Law.  
4. Different fluids were retained at the outlet depending on the fluids injected for a mixed-wet system. Water was 
retained at the outlet after an oil flood whilst oil was retained at the outlet after a waterflood. This effect became more 
prominent at lower injection rates due to the stronger capillary forces present.  
5. Simulation results showed that there was excellent connectivity between the oil-wet and water-wet sand grains in the 
sandpacks constructed. A good match (saturation, differential pressures and cumulative oil production) with 
experimental results was obtained with the layered model at a displacement rate of 100.2cc/hr and 55.2cc/hr.  
Although great care and emphasis is always given to produce relative permeabilities as reliably as possible, it must be 
acknowledged that the value of laboratory derived core data may not be truly representative since the core samples represent 
only a minute fraction of a large reservoir. History matching remains a vital part in predicting reservoir performance. 
 
Recommendations for Further Research 
1. Pore-scale modelling to further understand the differences between numerical and experimental works. 
2. Sandpacks to be constructed with smaller grains, confined under a higher pressure for a longer duration to achieve a 
target absolute permeability of approximately 50mD. This would allow further experimental investigation of the rate 
effect at 10cc/hr. 
3. Steady and unsteady state displacement tests repeated with new sandpacks of known wettability, flushed with a nice, 
‘clean’ oil of approximately 2cP to avoid pressure stabilisation problems. The crude must be screened for asphaltenes 
and other contaminants before any relative permeability measurements. 
4. Measurement of capillary pressure in the laboratory using paraffin and brine. 
5. Numerical simulations using a different irreducible water saturation instead of initialising the model at the irreducible 
water saturation determined experimentally. 
6. History-match the heterogeneous simulation results with a homogeneous model (including capillary pressure) by 
adjusting the input relative permeability to further investigate the effect of heterogeneous wettability. 
7. Use of the CT scanner to measure the outlet saturations ‘in-situ’ during the unsteady state measurements, comparing 
it with the outlet saturations calculated from the JBN analysis. 
 
Nomenclature       Greek: 
CT = Computed Tomography number    ρ = density, g/cc 
fw = fraction of water      μ = viscosity, cP 
H = height, m       φ= porosity 
kr = relative permeability, mD     υ = volume fraction, superficial velocity 
L = length of the core, cm      σ = interfacial tension, N/m 
Nca = Capillary number       Subscripts: 
Ncv = capillary to viscous ratio     o = oil  
Ngv= gravity to viscous ratio     w = water     
NMR = Nuclear Magnetic Resonance    or = oil-saturated rock, residual oil saturation 
Pc = capillary pressure, atm     owr = oil-water saturated rock 
SARA= Saturates, Aromatics, Resins and Asphaltenes  wi = irreducible water saturation 
Sw = water saturation      wr = water-saturated rock 
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